Abstract. The objectives of this 7-year study were to determine the effect of repeated root pruning and irrigation on peach (Prunus persica L. Batsch) tree growth and soil water use. Root pruning began in the year of planting. Peach trees trained to a freestanding "Y" were root-pruned at flowering for 4 years (1985 to 1988) and subsequently at flowering and monthly through July for 3 years (1989 to 1991). Irrigation was withheld or applied the full season or only during stage 3 of fruit growth on root-pruned and non-root-pruned trees. Root pruning limited soil water availability throughout most of the growing season when irrigation was withheld; however, when irrigation was applied, there was no difference in soil water availability. The root length density of peach roots was greatest in the 0 to 30-cm depth, was promoted by irrigation, and was reduced by root pruning in the 0 to 90-cm root zone. Full-season irrigation increased vegetative growth over the nonirrigated treatments. Root pruning had no effect on vegetative growth measured as fresh pruned material. The treatments had no effect on leaf nutrient content, except that root pruning reduced Zn in five consecutive years. Fruit yield was reduced 1 in 5 years by root pruning, and full-season irrigation reduced yield in 3 of 5 years. Repeated root pruning restricted the lateral spread of the root zone and the use of soil resources, yet on the deep soil of this site, restricting the lateral extent of the root zone did not reduce vegetative tree growth.
the subplot was irrigation (full season, during fruit growth stage 3, vs. none). Each replication contained two 40-tree rows randomly assigned to the main plot treatments (rootpruned or unpruned). Within each main plot, the rows were divided into four 10-tree irrigation subplots. The stage-3 irrigation subplot was duplicated within each main plot. Before the trees were planted, a subsoiler shank was drawn through the soil to a 60-cm depth, 50 cm on either side of a line where peach trees to be root-pruned would be planted. The other plots were not subsoiled.
'Autumnglo'/Lovell trees were planted in Spring 1985 using a mechanical tree planter (Wilde Corp., Bailey, Mich.). Trees were 2.5 m apart within the row, and row spacing was 4.5 m alternating with 6 m. The trees were trained to a freestanding "Y" (Horton, 1985) and were dormant-season-and summer-pruned in all years. A 3-m-wide, weed-free, tree row was maintained using periodic applications of 1,1-dimethyl-4-4-bibyridinium (paraquat). Beginning in 1987, 40 kg N/ha was applied as 10N-8.3P-4.4K in the spring of each year. Disease and insect control followed commercial recommendations. The study was conducted on a deep Hagerstown silt loam soil (fine, mixed, mesic, Typic Hapludalf).
Root pruning was performed at flowering (March or April) from 1986 (second leaf) through 1988 using a subsoiler in the established trench 50 cm on two sides of the tree. From 1989 through 1991, roots were pruned at flowering and monthly through July. The fullseason irrigation treatment delivered 240 liters of water per tree per week from May through September. There were two emitters per tree in line with the tree row and on opposite sides of the tree (50 and 100 cm from the trunk). In the stage 3 irrigation treatment, water was applied at the same rate but only during early August until late September. Peaches were harvested in early September.
Four neutron-probe access tubes were installed in each of the nonirrigated and fullseason irrigated subplots. The access tubes were installed in the tree row shortly after planting near the emitter positions 50 and 100 cm from the trunks of two trees. Soil water content was determined using a calibrated neutron moisture probe (model 503; Campbell Pacific Nuclear, Pacheco, Calif.). Soil water content, measured from cores 4.2 cm in diameter (volume water per volume soil), was calibrated to count ratios from the neutron moisture probe at depths of 0 to 30, 30 to 60, and 60 to 90 cm weekly from 1986 to 1991; representative data for 1990 and 1991 are presented. Soil water content data were analyzed using a split-split-plot design for each soil depth. The main plot was the root pruning treatment, the subplot was the irrigation treatment, and the sub-subplot was the date of measurement. Two-and three-way interactions were significant, and a 95% confidence interval was calculated using the residual error as the measure of soil water content variance.
Leaf samples were collected in late July 1986 to 1991 for mineral analysis. Fifty leaves per subplot were collected, rinsed six times in Received for publication 6 June 1994. Accepted for publication 4 Jan. 1995. The cost of publishing this paper was defrayed in part by the payment of page charges. Under postal regulations, this paper therefore must be hereby marked advertisement solely to indicate this fact. 1 Soil Scientist. 2 Research Horticulturist.
Excessive vegetative growth by fruit trees generally results in higher labor costs for pruning; reduced yield and fruit size due to fruitshoot sink competition for water, nutrients, and assimilate (Mika, 1986) ; and reduced fruit bud initiation (Dorsey, 1935) . Strategies that control vegetative growth in peach include summer pruning (Marini and Barden, 1987) , irrigation and nutrient management (Bravda, 1992; Chalmers et al., 1981) , root confinement (Myers, 1992; Rowe, 1977a, 1977b; Williamson et al., 1992) , growth regulators (Miller, 1988) , girdling (Andrews et al., 1978; Fernandez-Escobar et al., 1987) , and root pruning (Geisler and Ferree, 1984) . Sizecontrolling rootstocks are not available yet for peach. Geisler and Ferree (1984) reviewed the early literature on the effects of root pruning. Root pruning and root confinement have received considerable research because of their potential to reduce vegetative growth without using chemical growth regulators. Cultural methods to control tree growth operate on the premise that there is a functional equilibrium between the root biomass and the aboveground biomass (Richards, 1977 (Richards, , 1978 and that limiting the root volume of a tree results in reduced shoot growth. Richards and Rowe (1977a) demonstrated that growth reduction in peach due to root restriction could be overcome partially by applying a cytokinin-like growth regulator; however, Schupp and Ferree (1988a) found no response to cytokinin-like growth regulators in root-pruned apple (Marus domestica Borkh.) trees. The growth reduction caused by root pruning is attributed to a reduction in water uptake capacity. Ferree (1992) documents that apple fruit size is reduced by root pruning and increased by irrigation. Conversely, root restriction for apple and peach has reduced shoot growth without reduction in fruit size (Williamson and Coston, 1990) , although yield per tree was reduced due to the smaller size of the tree.
The field method of restricting root volume using permeable materials laid into the soil is expensive and labor intensive. Our objective was to use repeated root pruning to restrict root expansion and, therefore, reduce the effective root volume of the tree, rather than to physiologically shock the tree by root pruning a significant portion of the root system at one time. We wanted to determine the long-term effect of repeated root pruning and irrigation on shoot growth, fruit yield and size, mineral uptake, root distribution, and soil water use.
Materials and Methods
The experiment was established in a splitplot design with four replications within a larger replicated field study. The main plot was root pruning (root-pruned vs. control) and deionized water, dried at 60C, and ground to pass a 250-µm (60 mesh) screen. Nitrogen was determined by a N analyzer (model FP 228; Leco, St. Joseph, Mich.). The macro-and microelements were determined by plasma emission spectrophotometry at The Pennsylvania State Univ. Agricultural Analytical Laboratory. Data for leaf mineral concentration were analyzed by year, using a split-plot design.
The fresh weight of dormant and summer prunings were collected from 1989 to 1991. Total fruit yield per tree and yield per tree of fruit >75 mm in diameter were measured from 1987 to 1991. Trunk diameter 30 cm above the ground was measured in the dormant season from 1985 through 1991. Data for total pruning weight, fruit yield, and trunk diameter were analyzed by year using a split-plot design.
Soil samples were collected in Mar. 1992 to determine root length density (RLD) and root distribution. Two trees in the nonirrigated and full-season irrigated subplots were sampled to a 120-cm soil depth in 30-cm increments. Samples were collected in the following positions: 1) midway between the trees, 2) midway between the tree and the grass driveway, and 3) at the edge of the grass driveway opposite the tree. The root pruning trench was between positions 2 and 3. Soil was washed from the roots with an elutriator (Smucker et al., 1982) , and the root length was determined using a modified line-intersect method (Tennant, 1975) . RLD was calculated as the root length per volume of soil core. RLD data were analyzed in 30-cm increments in a split-split-plot design with root pruning treatment as the main plot, irrigation as the subplot, and location of the sample as the sub-subplot. Two and threeway interactions were significant; thus, a 90% confidence interval was calculated using the residual error as the measure of RLD variance.
Results and Discussion
Soil water content. Soil water content was significantly affected by root pruning and irrigation (Fig. 1) . The 1990 and 1991 growing seasons represented two extremes in rainfall, with 470 and 148 mm received, respectively. In 1990, at the 0 to 30-cm depth, the nonirrigated plots were drier than those irrigated when both were measured during rainless periods; only during one period (in July) were the nonirrigated root-pruned plots drier than all others. At the 30-to 60-cm depth, the soil for nonirrigated root-pruned plots was consistently drier than for all other plots, and the nonirrigated control did not differ from those irrigated. At the 60-to 90-cm depth, the nonirrigated plots were drier than those irrigated in early spring, but during the last half of the growing season, only the nonirrigated rootpruned plots were drier than the others. In 1991, the nonirrigated plots were drier than those irrigated through most of the growing season when measured at 0 to 30 cm. At the 30-to 60-and 60-to 90-cm depths, the nonirrigated soil was drier than the soil irrigated throughout most of the growing season; however, soil of the nonirrigated root-pruned treatment was the driest during the entire growing season. These data indicate that root pruning resulted in limited water availability throughout most of the growing season when soil was not irrigated. There was greater water depletion by roots in the smaller soil volume of the nonirrigated root-pruned plots, which, presumably, compensated for the loss of lateral roots extending beyond 50 cm from the tree. strated that irrigation promoted shallow rooting near the drip line. Fine roots in the rootpruned plots were least abundant midway between the tree and the sod middle (position 2) and at the sod-bare soil interface (position 3). Because root pruning was intended to remove roots between positions 2 and 3, position 3 was expected to have the lowest RLD. Again, fine roots in the 30-to 60-cm depth were most abundant in the irrigated control at position 1, intermediate for trees in the irrigated rootpruned plots, and sparsest in the nonirrigated plots. At position 2, the RLD of roots in the irrigated control was higher than for the nonirrigated control, with means for the rootpruned treatments being intermediate and not different from the extremes. There were no significant differences at position 3, although the RLD for the irrigated control tended to be higher than for the others. Fine roots in the irrigated control at the 60-to 90-cm depth were most common at positions 1 and 2, but RLD was similar for the root-pruned trees and the nonirrigated control at positions 1 and 2. There were no differences in the RLD of fine roots at position 3. In general, root development was inhibited by root pruning at the 0-to 30-cm depth, as Ferree (1994) had shown, and irrigation of root-pruned trees did not increase root development to the level of RLD values for the irrigated control in the 0-to 90-cm root volume.
Pruning weight and yield. Cumulative pruning weights from 1989 to 1991 indicated that full-season irrigation increased vegetative growth relative to no irrigation and stage-3 irrigation and that root pruning had no effect on vegetative growth when measured as pruned With irrigation, soil water availability was unaffected by root pruning.
Nutrient concentration. Nutrient analyses from 1986 to 1991 demonstrated no consistent effect of irrigation or root pruning on macroor micronutrient concentrations (data not presented), with the exception of Zn, which was significantly lower in the leaves of root-pruned trees in all years (19 vs. 16 ppm Zn for control and root-pruned, respectively, P ≤ 0.05). According to Barber (1984) , Zn uptake is limited by mass flow and diffusion. Root pruning limited the spread of the root system and, consequently, the volume of soil capable of supplying Zn. Limiting the spread of the root system also may have reduced the mycorrhizal infection of the root system. The Zn tissue concentrations were in the lessthan-optimal range (<20 ppm) throughout the study (Johnson, 1993) due to low soil Zn levels; root pruning consistently aggravated the deficiency. All other nutrients were in the sufficient range for peach.
Root distribution. Contrary to Ferree's (1994) work with apple, root distribution following 6 years of repeated root pruning indicated no significant effect of either root pruning or irrigation on the distribution of roots >1 mm in diameter (data not presented). There were three-way interactions for the distribution of fine roots (<1 mm thick) at the 0-to 90-cm depth (Fig. 2) , but no significant treatment effect appeared at 90 to 120 cm. Fine roots in the 0 to 30-cm depth were most abundant in the irrigated control midway between the trees (position 1) and least in the nonirrigated control; density for the root-pruned plots was intermediate. Layne et al. (1986) also demon- material (Table 1) . Although not irrigating the root-pruned plots reduced soil moisture and root distribution within the root volume, there was no measurable effect on vegetative growth, contrary to results others have demonstrated (Bravda, 1992; Chalmers et al., 1981; Schupp and Ferree, 1988b; Williamson and Coston, 1990) . Total fruit yield and yield of fruit >75 mm in diameter was reduced by root pruning in 1 of 5 years (Table 2 ). Others have shown that root pruning reduced fruit size due to water stress effects (Schupp and Ferree, 1988b) and that irrigation could mitigate the water stress (Ferree, 1992) . Full-season irrigation reduced total and large fruit yield in 3 of the 5 years measured and tended to reduce yield in all years compared to non-irrigation or stage-3 irrigation only, presumably because excessive vegetative growth reduced floral initiation and the number of harvestable fruit. Trees irrigated during stage 3 had the highest total yield, highest yield of large fruit in 3 of 5 years, and tended to have the highest yield throughout the study. Root pruning did not reduce trunk diameter in any of the years from 1985 to 1991 (data not shown). Full-season irrigation increased trunk diameter over the nonirrigated control and stage-3 irrigation in all years (116, 107, 103 mm, respectively, for 1991) .
In this study, we developed a restricted root system through repeated root pruning, and this system led to lower soil moisture availability from the root volume than for the control. The restricted root system lowered Zn tissue levels compared to the control on a lowZn-supplying soil. We conclude that repeated root pruning could effectively restrict the root system of peach. However, this root management system had little effect on the growth or yield of peach. In the sub-humid environment of the mid-Atlantic states and on the deep silt loam Hagerstown soil, restricting the root volume did not reduce tree growth, which is unlike results reported by others (Ferree, 1992; Williamson et al., 1992) . The lateral spread of the root system was restricted, but the vertical descent of roots was not. The greater extraction of soil water from the 60-to 90-cm depth (Fig. 1) suggests these peach trees compensated for the reduced lateral spread of the root system by using the soil and water resources deeper within the soil profile. Williamson and Coston (1990) restricted the entire root zone using buried fabric and were able to reduce vegetative growth. On deep soils, it seems that severe treatments are needed to effectively restrict the root volume of peach trees to reduce vegetative growth. Others have used infrequent root pruning to reduce vegetative growth in apple (Ferree, 1992; Schupp and Ferree, 1988b ) with a resulting tendency to reduce fruit size. This alternate technique may be useful when vegetative growth is excessive and other cultural methods have failed. However, infrequent root pruning of peach needs further study before recommendations can be made on using this technique. 
